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Abstract 
Background: Currently 3.2% of the US adults (over 18) and 21% of high school students 
use electronic cigarettes (EC).  Use of EC, in high school students, is thought to be driven by their 
many attractive flavors. One specific flavoring of interest is ethyl maltol, found in approximately 
50-80% of the e-liquids.  This flavoring has been found to complex with heavy metals and 
facilitate their uptake into human cells.  Recent studies have demonstrated that a wide range of 
heavy metals, including copper (Cu) are present in both EC vapors and liquids, at potentially 
harmful levels.    
Our goal was to investigate cell death, DNA damage and cellular stress responses in cells 
exposed to Cu and ethyl maltol.   
Methods: Cell death was evaluated in CALU-6 cells with varying concentrations of Cu 
and 6mM EM using an MTT assay.  Apoptosis was assessed using Annexin V and PI staining 
combined with flow cytometry on CALU-6 cells treated with 5µM Cu.  Western blots were used to 
assess the pathway of apoptosis and DNA damage. Additionally, we investigated ethyl maltol and 
Cu ability to induce DNA damage and cellular stress responses using immunocytochemistry and 
western blots.    
Results:  We successfully demonstrated ethyl maltols ability to induce DNA damage, in 
CALU-6 cells in the presence of Cu.   Ethyl maltol induced cell death in the MTT assay and 
apoptosis was confirmed as the mechanism of cell death. qPCR revealed a four-fold increase of 
ferritin light chain and eight-fold increase of heme oxigenase-1 RNA levels. Finally, heme 
oxigenase-1 protein levels were higher in 5µM Cu with 3mM EM treated CALU-6 cells when 
compared to the control.  
Conclusions: Ethyl maltol in the presence of Cu induces apoptotic cell death at levels 
relevant to what is found in EC.  DNA damage caused by Cu in the presence of EM could mean 
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Electronic Cigarettes (EC) are battery powered devices that use a metallic coil to vaporize 
a liquid (e-liquid), consisting of propylene glycol, vegetable glycerin, and sometimes flavorings 
and/or nicotine (Farsalinos et al., 2014).  Currently, there are a variety of devices and e-liquids to 
choose from.  Devices can be classified into three main types: tanks/mods, rechargeable, and 
disposable (“About Electronic Cigarettes (E-Cigarettes) | Smoking & Tobacco Use | CDC,” n.d.). 
Within each category there are many different brands to choose from.  Additionally, there are 
several brands and types of juice or e-liquid consisting of different ratios of propylene glycol (PG) 
and vegetable glycerin (VG), as well as different flavorings and/or nicotine concentrations.   
In 2019 over 5 million U.S high and middle school students reported using EC, making the 
incidence of use higher among teenagers than adults (“About Electronic Cigarettes (E-Cigarettes) 
| Smoking & Tobacco Use | CDC,” n.d.). In 2017 rates of adult reported EC use were 2.8% of the 
total population (Health, 2019).  Of this 2.8%, 58.8% currently smoke traditional combustible 
cigarettes and EC, 29.8% were formally regular smokers and 11.4% had not previously smoked 
(Health 2019).  Increase in EC use is thought to be driven by several factors: 1) Consumers are 
switching from traditional cigarettes in hopes of quitting or reducing the amount they smoke 
(Polosa et al., 2017) 2) Perception that EC are less harmful and less addictive than traditional 
combustible cigarettes (Farsalinos et al., 2014) 3) Companies market EC as tobacco harm 
reduction products to persuade individuals into switching, despite limited and conflicting evidence 
on these claims (Schraufnagel et al., 2014). Of particular interest to us are flavorings found in EC.  
Through the use of sweet flavorings, EC were highly marketed toward youth (Products, n.d.-b). 
As a result, there has been a lot of scrutiny surrounding flavorings especially since the recent 
manifestation of vaping associated illness (EVALI) (“About Electronic Cigarettes (E-Cigarettes) | 
Smoking & Tobacco Use | CDC,” n.d.). 
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In 2016 the FDA developed policy allowing regulation of EC’s under the Family Smoking 
Prevention and Tobacco Control Act (Products, n.d.-a).  This regulation allows the FDA to 
implement standards and regulation on advertising as well as the composition of EC. Despite the 
FDA’s ability to regulate these products, there is insufficient data for adequate regulation.  
Notwithstanding this insufficient data, it is important to note that studies have found that EC are 
not as harm free as they are marketed to be (Canistro et al., 2017; Lee et al., 2018a; Sussan et 
al., 2015), while others have not seen health effects (Polosa et al., 2017).  In order to address this 
public health problem, more information on the chemical composition and toxicity of these 
products is needed for correct regulation and accurate risk assessment.             
Epidemiologic studies have reported conflicting evidence on the health implication of EC.  
A three-and-a-half-year cohort study found limited evidence of lung injury, inflammation and 
respiratory function of EC users who were not previous smokers (Polosa et al., 2017), while 
another study found that healthy smokers who used an EC for five minutes had increased 
impedance, peripheral airway flow resistance and oxidative stress (C.I. et al., 2012).  Conflicting 
results of these two studies could be due to the fact that one study looked at EC users with 
smoking history and the other looked at EC users with-out a smoking history.  Health effects in 
previous smokers is concerning due to the fact that one in six former smokers and one in four 
current smokers use EC (Schoenborn et al., 2014). Nonetheless these epidemiologic studies are 
short term studies, while health effects concerning EC are expected to be from to chronic long-
term exposure (Health, 2019). 
In addition to these epidemiological studies several experimental studies have been 
performed to determine the cytotoxicity of EC.  Canistro and colleagues (2017) found that 
exposure to EC vapors resulted in an increase in several cytochrome p450 enzymes in the lungs 
of rats that when extrapolated to humans would result in increased risk of lung cancer (Canistro 
et al., 2017). Additionally, a reduction in antioxidant enzymes as well as phase II enzymes such 
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as glutathione S-transferase was also observed in the same study (Canistro et al., 2017). Based 
on this information authors stated that EC are not as safe as they are marketed to be (Canistro et 
al., 2017). Other studies have demonstrated evidence of oxidative stress caused by EC in the 
lungs of mice models with sub-chronic exposure of 1.5 hrs twice daily for two weeks (Sussan et 
al., 2015).   
Several studies have compared the genotoxicity of traditional cigarettes to EC.  Thorne 
and colleagues concluded that EC did not significantly increase double strand breaks in a human 
lung epithelial model (Thorne et al., 2017).  Another research group found that tobacco products, 
both EC and traditional cigarettes, resulted in an increase of DNA adducts and reduced DNA 
repair mechanisms in a mouse model and human cells (Lee et al., 2018).  Furthermore, scientists 
have concluded that non-combustible tobacco products have a substantially reduced genotoxic 
effect in an oral cavity cell line when compared to traditional cigarettes (Gao et al., 2014).  
Most recently, a study concluded there is a strong correlation in the number and types of 
flavorings in EC and cell death (Hua et al., 2019).   Many of these added flavoring fall within the 
“generally recognized as safe (GRAS)” category for oral ingestion.  However, chemicals placed 
in this category are evaluated based on conditions for which they are intended for (“The Safety 
Assessment and Regulatory Authority to Use Flavors: Focus on E-Cigarettes | FEMA,” n.d.). 
Meaning that these chemicals are classified as safe for ingestion and not for inhalation.  Diacetyl 
is an example of GRAS certified food flavoring that has previously caused health issues when 
inhaled.  Doses at which diacetyl was deemed safe for ingestion were inhaled by factory works 
and resulted in bronchiolitis obliterans, also known as “popcorn lung”(Barrington-Trimis et al., 
2014).  This example stresses the need for a better understanding of the inhalation toxicology of 
constituents found in EC due to the fact different routes of exposures can result in varying 
toxicological effects. 
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Ethyl maltol (EM) is a specific food flavoring of interest to us, that has been found to be 
among the most cytotoxic flavor chemical in EC (Hua et al, 2019).  EM is a common food additive 
that is GRAS certified and has been found in approximately 50%-80% of e-liquids at 
concentrations around 5mg/mL (Hua et al., 2019;  Behar et al., 2018). It has previously been 
shown that EM is aerosolized in EC aerosols at an efficiency of 39-70% (Omaiye et al., 2019; 
Behar et al., 2018).  Typically, widely used in the food industry, EM is used as an aroma and flavor 
enhancer (Gralla et al., 1969).  Initial toxicity studies found no adverse health effects and 
concluded it had a wide margin of safety (Gralla et al., 1969).  Metabolic studies on dogs 
concluded that EM is readily metabolized and excreted from the body within 24hr of administration 
(Rennhard, 1971).  Later studies showed that EM complexes with and increases uptake of iron 
through the intestines (Barrand et al., 1987).  More recently a mouse study exploring oral 
exposure of iron-ethyl maltol complexes, reported lesions of the liver and kidneys (Li et al., 2017).  
Additionally, EM has also been shown to complex lead and enhance uptake in human 
erythrocytes (Simons, 1993).     
Presence of EM in EC liquids and aerosols is a cause for public health concern due to a 
recent study demonstrating the presence of metals such as Cu, Fe, Cr and Pb in both EC aerosols 
and liquids, at potentially harmful levels (Olmedo et al., 2018).  Additionally, it was shown that 
individuals who use EC more frequency had higher concentrations of metals present in their urine 
when compared to individuals who used EC less (Aherrera et al., 2017). Due to the known 
properties of EM we suspect that EM in the presence of these metals has the potential to increase 
metal uptake in cells. 
Many metals such as Cu and Fe are essential for regular cellular processes. However, at 
high concentrations these metals can become toxic and result in a cellular stress response. Iron, 
in excess, has been shown to increase the production of free radicles and oxidative damage in 
cells (Britton et al., 2002). Toxicity to large amounts of copper has been described and include GI 
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and well as liver damage (Atsdr, n.d.).  Additionally, Cu has the ability to create reactive oxygen 
species (ROS) which can result in DNA damage as well as other oxidative damage and stress to 
the cell (Cervantes-Cervantes et al., 2005).    
Additional metals which are not essential for cellular processes, present in EC, are Cr and 
Pb.  Pb toxicity is well characterized and known to cause hematopoietic, renal, reproductive and 
central nervous system problems (Flora et al,, 2012).  Moreover, it is well know that environmental 
Pb exposure has previously been a worldwide issue, and it has been determined that there is no 
level of Pb exposure which is safe (“Lead poisoning and health,” n.d.).  Lastly, chronic inhalation 
of Cr has been shown to result in lung cancer (“Chromium (Cr) Toxicity: Clinical Assessment - 
History, Signs and Symptoms | ATSDR - Environmental Medicine &amp; Environmental Health 
Education - CSEM,” n.d.).   
The goal of this study was to investigate EM’s ability to increase oxidative stress, damage 
to the cell and cell death in the presence of different heavy metals found in EC. We accomplished 
this through confirming apoptosis as the mechanism of cells death through Annexin V and PI 
staining, DAPI staining of nuclear blebbing and JNK activation.  We also determined that EM in 
combination with Cu results in DNA double stranded breaks resulting in the activation of ATM.  
Lastly, we observed the induction of heme oxygenase-1(HO-1) and ferritin light chain, both 
downstream of the Nrf2 pathway and heme catabolism.  
2. Methods 
 
In order to investigate EM’s ability to increase oxidative stress and damage to cells in the presence 
of different heavy metals found in EC, we conducted a series of experiments. First, we 
investigated the ability of EM in the presence of Cu and Fe to decrease cell viability through a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in CALU-6 cells.   Based 
on this information we evaluated the mechanism of cell death, in CALU-6 cells after treatment 
 6 
with 5M Cu and 3mM EM.  Apoptosis was confirmed as the mechanism of cell death using 
Annexin V and PI staining, fragmented nucelli staining, and the activation of JNK through a 
western blot.  The ability of Cu and EM to induce DNA double stranded breaks was also evaluated 
in CALU-6 cells by staining for γH2A.x foci. Lastly, we evaluated the ability of Cu and EM to induce 
gene in the Nrf2 pathway by RT-PCR and western blots.    
 
2.1 Chemicals and reagents  
 
Antibodies used for immunocytochemistry are the following: 1) Anti-phospho-Histone γH2A.x 
(Ser139) Antibody, mouse monoclonal, clone JBW301 (EMD Millipore; #05-636) 2) anti-mouse 
(Alexa-Fluor 488). To stain the nuclei and mount for immunocytochemistry ProLong® Gold 
Antifade agent with DAPI (4′, 6-diamidino-2-phenylindole) was used (Cell Signaling Technology; 
#8961).  Antibodies used for western blotting are the following: 1) Anti-ATM (D2E2) antibody, 
rabbit monoclonal (cell signaling, # 2873) 2) Anti-phospho-ATM (Ser1981) antibody, clone 
10H11.E12 (Millipore Sigma, #05-740) 3) SAPK/JNK antibody, rabbit monoclonal (cell signaling, 
#9252) 4) Human/Mouse/Rat Phospho-JNK (T183/Y185) antibody, rabbit monoclonal, clone 
1006A (R&D systems, MAB1205) 5) p38 MAP antibody, rabbit monoclonal (Cell signaling, #9212) 
6) Phopo-p38 MAPK (Thr180Tyr182), rabbit monoclonal (Cell signaling, #9211) 7) IRDye 680 
Goat anit-Mouse IgG secondary Antibody 8) IRDye 800CW Goat anti-Rabbit IgG secondary 
Antibody 9) Anti--Actin mouse monoclonal (Sigma-Alrdich).  Ethyl maltol was obtained from 
acron organics and kept in a 6M stock in DMSO at -20°C (4940-11-8).  Copper was obtained from 
Sigma in the form of cupric sulfate penta-hydrate (7758-99-8).  For Annexin V and PI, FITC 
Annexin V was obtained from BioLegend (640906) and PI from Life Technologies (P3566).  




2.2 Cell culture 
 
CALU-6 epithelial cells were obtained from the laboratory of Dr. Robert Casero.  Cells were 
passaged every three days and split at a ratio of 1 to 4 and grown in MEM media supplemented 
with 5% fetal bovine serum, 1% non-essential amino acids.  In all experimental protocols, culture 
media was supplemented media with penicillin/streptomycin.     
 
2.3 Viability Assay 
 
CALU-6 cells were plated at a density of 2 x104 cells/well in 96 well plates. At 24hr or 48hrs after 
plating, cells were exposed to 3mM EM and Cu or Fe at varying concentrations.  Three wells were 
reserved and treated with 1% sodium dodecyl sulfate (SDS) to measure background (absorbance 
of 100% cell death). To assess viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) was added in PBS to each well to achieve a final concentration of 12mM.   After 
a 1hr incubation at 37°C, MTT was replaced with 100μL of DMSO and the plates were shaken at 
room temperature in the dark for 10 minutes.  The absorbance was measured on a microplate 
reader at 540nm (Spectra Max M5, Molecular Devices LLC, US) using SoftMax Pro software. 
Percent viability, normalized to the control, was calculated by using equation 1, where Asds is the 
average absorbance from the SDS background control, Ae is the average absorbance of the 
experimental treatment and Ac is the average absorbance of the media control. 
(𝐴𝑆𝐷𝑆 − 𝐴𝑒)
𝐴𝑐
∗ 100 = % 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 
 
Statistical significance was determined by preforming a one-way ANOVA test using Prism 






2.4 Annexin V Propidium iodine (PI) staining  
 
CALU-6 cells were plated at a density of 2x105 cells/well in 6-well plates and exposed to 3mM EM 
and 1.25-5μM Cu 24hr after plating.   Adherent cells were removed with trypsin, spun at 300xg 
for 5 min, and re-suspended in binding buffer consisting of 10mM HEPES buffer 140mM NaCl 
and 2.5mM CaCl2.  5μL of fluorochrome (FITC)-labeled annexin V and 5μL of a 100μg/μL solution 
of PI was added. Samples were incubated at room temperature for 15 min in the dark.  Samples 
were then transferred to ice and 400μL of binding buffer was added.   Stained samples were 
analyzed using flow cytometry (Cytoflex, Beckman-Coulter, US). Statistical significance was 
determined by preforming a one-way ANOVA test using Prism.  
 
2.5 Imunocytochemistry and DAPI staining 
 
CLAU-6 cells were plated at a density of 12x103 cells on glass cover slips in 24 well plates and 
allowed to adhere for 48hrs. Cells were treated with 3mM EM and 0.5-5μM Cu for 24hrs, washed 
three times with PBS then fixed with 4% formaldehyde in PBS for 20 minutes.  Cells on coverslips 
were washed with PBS and permeabilized with 0.2% Trition-X 100 in PBS for 10 minutes followed 
by three washes of PBS and 20 minutes of blocking with 1% BSA in PBS.  Cells on coverslips 
were incubated over night with a 2μg/mL anti-γH2A.x in 1% BSA at 4C, washed three times with 
PBS and incubated with 1:200 dilution of (Alexa-Fluor 488) anti-mouse secondary for 1 hour at 
room temperature.  Cells on coverslips were washed three times with PBS and mounted using 
ProLong® Gold Antifade agent with 4′,6-diamidino-2-phenylindole (DAPI) and allowed to dry over 
night at room temperature.  Images were taken at 20x and 63x oil immersion using a fluorescence 
microscope (Apotome System, Zeiss, Germany).  γH2A.x foci and apoptotic nuclei were 
quantified via hand counting.   For nuclear fragmentation experiments, cell under the same 
treatment conditions were fixed with formaldehyde, washed and mounded with DAPI. 
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2.6 Western Blot  
 
Cells were split 1 to 4 in 10 cm2 plates and allowed to become confluent for 48 hours. Cells were 
scraped in the culture media and centrifuged at 300xg for 5 minutes to obtain a pellet.  Protein 
was solubilized in 30uL RIPA lysis buffer (Quality Biological, US) supplemented with a protease 
Inhibitor Cocktail Set I (Calbiochem,US) and phosphatase Inhibitor Cocktail Set II, case/5 
(Calbiochem,US).  Cells were sonicated and allowed to sit on ice for 30 minutes and centrifuged 
at 15,000xg for 10 minutes at 4C.  Protein concentration was measured in the supernatant using 
the Bradford assay and bovine serum albumin as the standard. 90μg protein was subjected to 
SDS-PAGE on a 4-12% protein gradient gel and 200 V.  Protein was transferred to nitrocellulose 
membranes at 200 V for 2 hours at 4C. Membranes were blocked with 1X PBS containing 1% 
casein (Bio-Rad, US) for 20 minutes at room temperature and incubated with primary antibodies 
overnight at 4C.  Secondary antibodies were diluted 1:10000 in 1% casein 1X PBS blocking 
buffer for 1hr at room temperature. Antibody binding was determined by digital fluorescence with 
the LI-COR Odyssey (LI-COR Bioscience, US).  
                               
2.7 RT-PCR 
 
Cells were plated at 6x105 cells/well in 96 well plats and exposed to 3mM EM and Cu at 24hr 
after plated. Total RNA was extracted from adherent CALU-6 cells with TRIzol Reagent. 
Following phase separation using chloroform, the RNA phase was isolated and precipitated with 
100% isopropanol.  The pellet was washed with 75% ethanol and levels of RNA were quantified 
with a spectrophotometer (NanoDrop, Thermo-Fisher, US). First-strand cDNA was synthesized 
using a kit from Thermo Fisher.  
Gene expression was quantified and analyzed using CFX Manager software (Bio-Rad, US) to 
determine the relative quantity (ΔCq) and normalized with housekeeping gene RPLPO to 
determine expression (ΔΔCq).  
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The primers sequences for amplification of the target genes can be found in table 1 below. 
Table1. Revers and forward primers used for RT-PCR.  
RPLPO Forward: 5’- GCA GCA TCT ACA ACC 
CTG AAG -3’ 
 
Reverse: 5’- CAC TGG CAA CAT TGC GGA C -3’ 
 
HO-1 Forward: 5’- AAG ACT GCG TTC CTG 
CTC AAC -3’ 
 




Forward: 5’- CAC CTG ACC AAC CTC 
CAC AG -3’ 
 
Reverse: 5’- CGT GCT TGA GAG TGA GCC TT -3’ 
 
GCLMA 
Forward: 5’- TGT CTT GGA ATG CAC 
TGT ATC TC -3’ 
 
Reverse: 5’- CCC AGT AAG GCT GTA AAT GCT C -
3’ 
 
NQQ1 Forward 5’- GAA GAG CAC TGA 




Reverse 5’ – GGA TAC TGA AAG TTC GCA GGG-3’ 
3. Results 
 
3.1 Viability Assay  
 
An MTT assay was used to assess the effects of EM and metals on cell viability. A significant 
decrease in viability was observed in cells treated with Cu at 3M and EM (Figure 1).  No viable 
cells were remaining for cells treated with Cu at 10M Cu and EM (Figure 1).  Treating cells with 
Cu alone at 10M or 3M did not affect cell viability (Figure 1). Viability was not affected in cells 










3.2 Annexin V and PI staining  
 
Apoptosis, one of several mechanisms that causes cells to die, was confirmed as the specific 
mechanism of cell death using Annexin V and PI staining. A statistically significant increase was 
observed in cells undergoing early stage apoptosis in cells treated with 5M Cu and 3mM EM 
(Figure 2).  At lower concentrations of Cu, there appeared to be a trend.  This trend summarized 
in Figure 2 is shown in dot plots in Figure 3.  Additionally, a similar trend was observed of late 
stage apoptotic by being both Annexin V and PI positive (Figure 3).  Late stage apoptotic cells 
are those in the upper right quadrant of each individual plot labeled A-H in Figure 3.   
 
Figure 1. Viability in cells treated with Cu and EM decreased when compared to Cu 
only treated cells. However, Fe and EM treated cells did have reduced viability when 
compared to Fe only treated cells. MTT assays were done on CALU-6 cells exposed 
for 48 hours to Fe or Cu at varying concentrations with and without 3mM EM. Percent 
viability was calculated by dividing the O.D of treated cells by the O.D of non-treated cells 









3.3 Imunocytochemistry and DAPI staining  
 
DAPI was used to detect nuclear fragmentation, which indicates a later stage of apoptosis. An 
increase was observed in the number of cells displaying apoptotic nuclei after treatment with EM 
and 5M Cu for 24 or 48hrs (Figure 4 I C and D II C and D).  At lower concentrations of Cu, fewer 
Figure 2. Ethyl maltol in the presence of Cu increases the number of CALU-6 cells undergoing apoptosis. 
CALU-6 cells were treated for 24 hours with 5 μM Cu and 3mM EM Annexin V and PI staining was analyzed using 
Flow Cytometry. Data are the mean of three replicates +/- S.E.M ANOVA and the Turkey post-test. (**P<0.01) 
** 
Figure 3. CALU-6 cell treated with indicated Cu concentrations and 3mM ethyl maltol (EM) undergoing apoptosis and necrotic cells. 
CALU-6 cells were treated for 24 hours with 5μM Cu and 3mM EM Annexin V and PI staining was analyzed using Flow Cytometry. 
A) Control B) EM only C) 5μM Cu D) 5μM + EM E) 2.5μM Cu F) 2.5μM + EM G) 1.25μM Cu H) 1.25μMc Cu + EM.  Cell in the 
lower right quadrant indicate Annexin V positive cells, upper right indicates Annexin V and PI positive cells, upper left indicates PI 















apoptotic nuclei were observed (Figure 4 I E-F and II E-F).  This is consistent with the trend 











The formation of 𝛾H2A.x foci is an early event in the repair of single and double strand deletions.  
An increase was observed in the percentage of 𝛾H2A.x foci positive (10 or greater foci) in cells 
treated with 0.5- 0.16M Cu and 3 mM EM when compared to controls (Figure 5 D and F).  A 
smaller increase was observed in the number of cells with foci after treatment with EM alone 
compared to controls (Figure 5B).  Foci were not observed in cells treated with Cu alone (Figure 
5 C and E).  
 
Fig 4. Detection of fragmented nucelli in CALU-6 cells treated with 5 M Cu and 3mM EM for 24 and 
48 hours.  Pictures under I indicate cells treated for 24 hours, those under II were treated for 48 hours. For 
both cases treatments are as follows: A) control B) EM only C) 5 M Cu D) 5M + EM E) 2.5 M Cu F) 
2.5M + EM G) 1.25M Cu H) 1.25 M Cu + EM.  Detected apoptotic nuclei are indicated by white arrows.  





3.4 Activation of protein kinases  
 
We examined the p38 and JNK pathways for their involvement in apoptosis.   
An increase was observed in pJNK relative to JNK in cells treated with EM and 5uM Cu.  An 
increase was not observed in p38. (Figure 6). The increase in pJNK indicates that EM combined 
with 5uM Cu activates the JNK pathway  
Figure 5. 𝛾H2A.X foci (Green) in CALU-6 cells treated with for 24 hours with varying concentration of Cu and 3 mM EM show 
approximately 40% more foci in cells treated with Cu and 3mM EM. Cell treated with 0.16M Cu and EM show 44% of cells being 
𝛾H2A.x positive.  Cells treated with 0.5M Cu and EM show 49% of cells being 𝛾H2A.x positive CALU-6 cells were stained with DAPI 
(Blue) and 𝛾H2A.X (Green) histone modification to detect the repair process of double stranded breaks. 𝛾H2A.x positive cells (arrows) 








ATM is a protein kinase that catalyzes the phosphorylation of H2A to H2A.x.  ATM activation 
involves autophosphorylation and is often in response to DNA damage such as deletions.  An 
increase was observed in phosphorylated ATM without changes in levels of ATM in cells treated 
with 5M Cu and 3mM EM for 24 hours (Figure 7).     
3.5 Induction of antioxidant defense mechanism 
 
An increase in oxidative stress is a potential mechanism to explain increases in DNA damage and 
apoptosis. An eight-fold and four-fold increase was observed in the induction of two genes in the 
antioxidant pathway, HO-1 and ferritin light chain respectively (Figure 8).  The increase in HO-1 
Fig 7.  Induction of p-ATM in CALU-6 cell treated with 5M Cu and 3mM EM for 24 hours (A).  Along with 
the detection of a slight decrease in unphosphorylated ATM under treatment conditions which p-ATM was 
detected (B). 
Fig 6.  Induction of p-JNK in CALU-6 cell treated with 5M Cu and 3mM EM for 24 hours (A).  Along with the 
detection of an unchanged amount of JNK in samples treated under the same conditions (B).  In both 
phosphorylated and unphosphorylated forms, the top JNK band indicates p54 JNK and the bottom band p46 JNK.  
Both antibodies detect total JNK, indicated the activation of JUNK1,2 and 3.  Treatment with EM and Cu does not 
induce phosphorylation of p38 (C). 
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protein indicates HO-1 enzymatic activity is also elevated (Figure 8).   No change is observed in 







4. Discussion  
 
In this study we found that treatment of lung epithelial cells with Cu and EM resulted in 
decreased cell viability. At the same concentrations, no effect on viability was seen in cells treated 
with EM or Cu alone.  No study, that we are aware of, has examined EM toxicity with Cu.  
Interestingly, EM in combination with Fe did not affect viability. In contrast, several studies, have 
reported that influx of Fe, through the creation of ROS, has the ability to induce the JNK pathway 
and apoptosis (Nakamura et al., 2019; Samet et al., 1998).  Additionally, several other studies 
have reported Fe-mediated toxicity in the presence of EM (Barrand et al., 1987; Li et al., 2017).  
Currently it is not clear answer why the CALU-6 lung epithelial cell was not responsive to the 
combination of EM and Fe.  Possibly toxicity would have been observed at higher concentrations 
of Fe. Lung epithelial might be able to tolerate Fe because of the expression of ferritin and other 
Figure 8. A) Ferritin light chain (FTL) shows a four-fold increase and heme oxygenase-1 (HO-1) 
shows an eight-fold increase compared to EM only or Cu only treated cells. RT-PCR of CALU-6 cells 
treated for 24 hours with 5M Cu and 3 mM EM. Data are the mean of three six replicates +/- S.E.M 
ANOVA and the Turkey post-test. (*P<0.05, **P<0.01, ***P<001, ****P<0.001) B) Induction of HO-1 




genes that participate in Fe homeostasis.  In contrast, lung epithelial cells possibly do not express 
sufficient levels of metallothionein, and other genes involved in Cu homeostasis. 
 Apoptosis is one mechanism to account for the decrease in viability.  We have concluded 
that apoptosis is the specific mechanism of cell death based on the data shown in figures 2, 3, 4 
and 6.  A hallmark of apoptosis is changes in the plasma membrane, which are thought to allow 
for recognition for phagocytosis (Martin et al., 1995).  Annexin V staining allows for the detection 
of these membrane changes, specifically, the translocation of phosphatidylserine (PS) from the 
inside of the membrane to the outside (Martin et al., 1995). Additionally, further supporting the 
involvement of apoptosis as the mechanism of cells death is the presence of fragmented nuclei, 
shown in figure 4. Nuclear fragmentation or blebbing is a hallmark of the later stages of apoptosis 
(Kerr et al.,1972). Lastly, we observed the activation of JNK (Fig. 6), which is a member of the 
MAP kinase family.  JNK is activated by  phosphorylation that results in increased expression of 
genes involved in cell proliferation and apoptosis (Dhanasekaran et al., 2008).  Different stimuli 
have been shown to activate JNK including different stresses, cytokines, growth factors, and other 
stimuli (Dhanasekaran et al., 2008).   Additionally, in figure 6 we did not observe activation of p38, 
suggesting that cell death as a response to treatment with 5M Cu and EM is occurring through 
JNK signaling.  Our findings are supported by previous studies.  Samet et al., 1998 demonstrated 
the activation in JNK in bronchial epithelial cells after treatment with Cu.  Our study, as well as 
others, provide evidence to suggest that a range of transition metals, Cr, Fe, Mn, and Ni, have 
the potential of activating JNK (Samet et al., 1998; Tessier et al.l, 2006).  Because transition 
metals are found in the aerosols generated from EC, JNK activation and apoptosis could be 
occurring in the lung epithelial of those who use EC.  
 There are several pathways that induce apoptosis.  Our data suggests that apoptosis was 
due to DNA damage.  An increase was observed in the percentage of cells displaying 𝛾H2A.x foci 
(Figure 5).  The formation of foci is an early event in the repair of single and double strand 
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deletions.   ATM is one of three kinases that catalyze the phosphorylation of H2A.x to H2A.x in 
response to the formation of DNA deletions.  The increase in levels of pATM observed in our 
study indicates ATM was activated (Figure 7). We propose that the combination of EM and Cu 
activated the DNA damage response through the ATM pathway. 
 Cu generates reactive oxygen species (ROS) through the Fenton reaction, which would 
explain DNA deletions (Cervantes-Cervantes et al., 2005).  Furthermore, EM and Cu can interact 
to form hydroxypranone complexes promoting the formation of free radicals, which can also result 
in oxidative damage and DNA deletions (Bitzer et al., 2017).  The combination of EM and Cu 
could also be evoking other cellular stress responses, such as the activation of genes in the Nrf2 
pathway and heme catabolism.  We demonstrated the increases in the induction of heme 
oxygenase one (HO-1) and ferritin light chain (Figure 8). These increases suggest that cells 
treated with Cu and EM are undergoing oxidative stress.  HO-1 has powerful antioxidant 
capabilities through the catabolism of heme (Choi & Alam, 1996).  Interestingly, the NRf2 genes 
GLCMa and NQQ1 were not induced. Possibly, the induction of Nrf2 genes is time dependent.  
We did not assess a temporal relation between time of exposure and gene expression.  Another 
possibility is that that the Nrf2 pathway is not involved but rather a different stress pathway.  
In summary, our data suggests that cells treated with EM and Cu undergo apoptosis at 
levels relevant to those found in EC.  The induction of apoptosis could be due to DNA damage 
and other cellular stressors.  Cells with DNA damage that fail to undergo apoptosis have the 
potential of undergoing carcinogenesis. 
 
Public health statement 
Previous literature has shown that ECs have the ability to cause DNA damage and reduce 
DNA repair abilities (Lee et al., 2018). Our data suggests that EC with EM and Cu present have 
the ability to cause increased DNA damage in users, therefore increase the chance for cells to 
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undergo carcinogenesis in users.  This can increase the incidence of lung diseases such as 
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